Magnetic fluids are substances whose rheological properties can be actively influenced by treatment with a magnetic field. Two main types of magnetic fluids can be distinguished: ferromagnetic fluids, and magnetorheological fluids. Ferrofluids are mostly used in sealing engineering, whereas magnetorheological fluids are usually applied in controlled systems for the dissipation of mechanical energy, like brakes and dampers. The ability to control the rheological properties
of magnetic fluids opens new horizons for development in machine design, among others in the areas of bearing engineering.
The paper presents a comparative analysis of the rheological characteristics of selected magnetic fluids with a focus on the possible areas of the application of these substances in bearing engineering.
INTRODUCTION
A magnetic fluid is a suspension of particles made of ferromagnetic material immersed in a carrier fluid that does not exhibit magnetic properties. Due to the particle size, two types of magnetic fluids can be distinguished. 
RESEARCH METHOD
Two magnetorheological fluids, MRF-10 and MRF-22 of the LORD Company, and two ferromagnetic fluids, APG-W05 and APG-W10 of the Ferrotech Company, were chosen for the studies. Selected properties of the fluids are shown in Table 1 . The values were obtained based on the manufacturer's information [L. 13, 14] and from our own research in the case of zero field dynamic viscosity.
The examined MR fluids are characterized by similar physicochemical composition (the same carrier fluid and ferromagnetic particle parameters), except that the MRF-10 fluid has a 10% volume of particles, while the MRF-22 fluid contains 22% of ferromagnetic particles. This means there are different dynamic viscosity values between MR fluids when there is no magnetic field applied. The tested Ferrofluids have very similar values of saturation magnetization. The APG-W10 fluid has a zero field dynamic viscosity twice as high as the second ferrofluid.
Magnetization is a crucial parameter that has an effect on the behaviour of the magnetic fluid attracted by a magnetic field. The magnetization curves of the tested fluids are shown in Fig. 1 . Ferrofluids have much lower magnetization values compared to the tested MR fluids. The magnetization curves of the tested ferrofluids, due to the similarity of saturation magnetization, practically coincide. There are also significant differences between both MR fluids. The saturation magnetization of MRF-22 is almost 2.5 times higher than MRF-10. It should be noticed that increasing the magnetic field when the fluid is saturated does not cause further changes in magnetic fluid behaviour. Studies were performed on an MCR 301 rotational rheometer (Fig. 2a) equipped with an MRD 180 measuring cell that allows measurements to be carried out in a magnetic field.
A diagram of the test chamber is illustrated in Fig. 2b . The rotating plate (1) has a flat working surface. It is made of a material that has paramagnetic properties. The magnetic field is generated by the electromagnet (5). The power supply allows the current in the coil to be changed in the range of 0 to 5 A. This allows changes in the magnetic induction in the range of 0 to 1 T. The upper (3a) and lower (3b) components of the chamber and core of the electromagnet are made of a material with ferromagnetic properties. They form a closed magnetic circuit (7) . The tested magnetic fluid (2) is placed between the rotating plate (1) and the fixed plate (6). The aim of the study was to determine the flow curves and the curves of normal stresses while logarithmically increasing the shear rate in the range 0.1-1000 s -1
. The study was performed at magnetic field inductions of B = 0, 100, 200, and 400 mT.
RESULTS

Shear stresses
The results of measurements of the shear stress registered with various values of magnetic field for the tested magnetic fluids are shown in Fig. 3 . The scale on the left axis (black) refers to the FF, while the right axis (grey) of the graph refers to the MRF sample.
For the tested FF, the linearity of the flow curves was observed in all cases. This indicates behaviour typical of Newtonian fluids.
The examined FF untreated with a magnetic field (Fig. 3a) revealed the highest shear stress at the levels of 510 Pa (APG-W05) and 1040 Pa (APG-W10); whereas, after applied magnetic induction, regardless of its value, the measured shear stresses were obtained as 600 Pa for APG-W05 and 1180 Pa for APG-W10 (Fig. 3b, c, d) . In both cases, this indicates a relatively small influence of magnetic field induction on the viscosity of the ferrofluid tested. It should be noted that the tested FF, due to low saturation magnetization, were saturated with less than B = 400 mT. Further increases in the magnetic field intensity (above the range analysed in this study) do not result in a change of the viscosity parameters of the tested FF.
The results obtained for both examined MR fluids shows values of shear stress about 10 times lower in the case of magnetic field absence (Fig. 3a) . Moreover, for MRF-22, some non-linearity of the flow curve can be noticed (only for a shear rate below 100 s -1 ). In the case of the magnetic field influence on the sample of MR fluids, flow curves indicate non-Newtonian rheological behaviour. In the lower range of shear rate, the presence of yield stress with a range of several hundred Pascal is clearly visible.
The range of shear stress variability observed for MR fluids is the shear stress variation registered during the test. This is very wide, both in terms of the magnetic field and in terms of shear rate. Flow curves indicate that, in the case of applied magnetic field, the behaviours of MR fluids are characteristic of shear thinning (pseudo-plastic) substances.
Normal stresses
The results of measuring the normal stresses of the examined fluids, obtained with various values of the magnetic field, are shown in Fig. 4 . The scale on the left axis (black) refers to the FF, while the right axis (grey) of the graph refers to the sample MR fluids. As a result of the tests performed in the absence of magnetic field, there was no occurrence of normal stress; therefore, the results obtained for this case were omitted. In the analysed range of shear rate, the mean normal stress values for B = 100 mT were about 20Pa, whereas, for B = 200 mT and 400 mT, they were about 110 Pa and 500 Pa. It may be noted that the duplication of the value of the magnetic induction caused an approximately 5-fold increase in the registered normal stress. Moreover, for both examined ferrofluids, there was no significant effect of the shear rate on the variation of normal stress.
For MR fluids, this was about twice the normal stress recorded for the MRF-22 fluid relative to MRF-10. This is due to the different amount of particles contained in the fluids. In all cases, increasing the shear rate reduced the obtained normal stress values. In all cases, the maximum value of this parameter was observed at shear rates below 1 s ) and magnetic induction (B = 100 mT), the examined FF obtained a level of 25 Pa; whereas, for MRF-10 and MRF-22, for this same condition normal stress of 1500 and 4000 Pa was registered, respectively. The disproportion in the received values between the two types of magnetic fluids increases together with the value of the given magnetic field (for B = 400 mT, for both ferrofluids the obtained normal stress was about 0.5 kPa, whereas for MRF-10 it equalled 15 kPa and MRF-22 near 31k Pa. As can be seen, the values of normal stresses for MR fluids are significant.
CONCLUSIONS
The obtained results indicate significant differences in response to the magnetic field, depending on the type of magnetic fluid. In particular, this is visible in the response to changes in shear rate.
The use of ferrofluids in sliding bearings may be preferred due to their low friction. Moreover, the flow curves of the FF liquid indicate Newtonian behaviour without a significant influence of magnetic field on viscosity. Changes in the viscosity of the examined FF as a result of the magnetic field in the analysed magnetic induction range are about 200 mPa⋅s.
Due to the similarity of saturation magnetization, the differences in the behaviour of the two examined ferrofluids mainly result from differences in the zero field viscosity (mainly dependent upon the viscosity of the carrier liquid).
Ferrofluids allow normal stresses to be obtained, where:in the value slightly depends on the shear rate. The source of normal stress observed in the FF is the internal pressure, which arises under the impact of the magnetic field. This phenomenon is discussed in detail in the fundamental publication
When considering the use of ferrofluids in bearing systems, significant advantages can be expected because of the potential achievement of a selfsealing effect. The result of this phenomenon is a reduction in the lubricant side outflow, so it is possible to increase the carrying capacity of the bearing.
The variation of shear stress obtained for the examined MR fluids indicates their non-Newtonian rheological behaviour. On the flow curves, yield stress can be seen (for low shear rates), and, at higher shear rates, the characteristics revealed behaviour typical for pseudo-plastic substances.
The range of shear stress changes visible on the MR fluid flow curves is very wide. Combining both effects, the magnetic field and shear rate are visible. This feature enables their use in bearing systems characterized by a considerable range of variability in the operating parameters. The validity of MR fluids in bearing systems is also indicated by the ability of such fluids to generate higher values of normal stresses, especially at lower deformation speeds. Due to the size of the particles in MR fluids, the source of normal stresses form column-like structures with a direction in line with the direction of the magnetic field. The large variability of shear and normal stress results from the cyclic destruction and reconstruction of these structures as a result of the shear force. Both relatively low internal friction and high values of normal stress occurring in MR fluids at low shear rates indicate the areas of the application of these fluids in systems with a relatively low strain in the bearing working gap.
Currently, research work is continuing on the possibility of using magnetic fluids as a lubricant in thrust bearings. The obtained values of normal stress in the test bearings have a much lower level than the fluid friction bearings lubricated hydrostatically and, in particular, hydrodynamically, which currently substantially restricts their use in traditional solutions. Expected areas of application are systems where: it is desirable to control the properties of the lubricant and its positioning. The ability to maintain the liquid at a certain position by a magnetic field can be important when the bearing works in zero gravity conditions.
